Statement of Novelty {#Sec1}
====================

With this work it can be affirmed that the most relevant variables in the ethyl transesterification of waste frying oil are the reaction time and the process temperature. Also that, the FAEE content analysis can be done with FTIR, instead more expensive and slower technique as CG-FID. And finally that the biofuel produced can be used pure in hot climates and mixed up to 30% by volume with a diesel.

Introduction {#Sec2}
============

Although the European Union has issued a date for the passing out of the internal combustion engine vehicles, especially those fuelled by diesel, this fossil fuel and its biological origin counterpart biodiesel still will remain as the main fuels for road transport in many developing countries around the world in the next decades. In particular, according to sector statistics, Algeria has a catchable stock of 220 kt/year of waste frying oil, considered already as an advanced biofuel raw material \[[@CR1]\]. Moreover, the recently approved EU Directive \[[@CR2]\] recognizes that using waste oils for producing biodiesel has an 87% reduction of greenhouse gas emissions. Considering this, the study of the transesterification reaction of waste frying oil originated in a country outside the EU, using bioethanol as the alcohol instead of methanol has still interest for the production of biofuels to be self-consumed \[[@CR3]\], since in this way the FAEE produced will have a fully renewable origin \[[@CR4]\]. However, the FAEE synthesis is more challenging than the FAME production at both laboratory and industrial scales, especially the FAEE purification steps, due to the fact that FAEE, ethanol and glycerol form a tri-phasic system difficult to separate \[[@CR5], [@CR6]\]. Thus, reaching the mandatory 96.5 wt% of ester content in biodiesel is easily accomplished for FAME, but not so easily for FAEE. An experimental design using response surface methodology (RSM) has been performed, trying to optimize the operating variables in the transesterification process to achieve the mandatory ester content.

The experimental designs are classical statistical models that aim to find if some determined factors have influence on a variable of interest, and, if this influence exists, to quantify it. The use of experimental design models is based on the experimentation and the analysis of results in a well-planned set of experiments. If the experimentation is carried out in a laboratory where the main causes of variability are well controlled, the experimental error will be small, and there will be small uncontrolled variations in the results of the experiments. The aim of the experimental design is to determine if any improvement can be achieved when a specific treatment is used. In this work, the different independent variables that influence the transesterification process have been studied, reaching as conclusion which are the most influential ones and which are their interactions. These independent variables are the molar ratio bioethanol to oil, the temperature, the amount of catalysts relative to the oil and the reaction time. The target function is the total ester content in the final biodiesel fuel. In an experimental design, the experimental results are subjected to three types of variability with the following characteristics: (i) Planned and systematic variability: this variability includes the four independent variables mentioned above. This is an important variability and it is expected that the results obtained are arranged forming groups (clusters). (ii) Typical variability, depending of the nature of the experiment. This variability is due to the random noise. It comprises the measurement errors or the operator ability to carry out the experimental measurements. This variability causes, for example, that if repeated measurements of the same sample are made in a laboratory, the second result is not equal to the first one, and even worse, the error in the third measurement cannot be predicted. This variability cannot be avoided, but if the experiments are well planned, it is possible to estimate its value. (iii) Non-planned and systematic variability: this variability is due to unknown causes not planned in advance.

The RSM method has been used to optimize biodiesel production processes \[[@CR7]\] and in the experimental design in general \[[@CR8]--[@CR10]\]. The main advantage of RSM is that it explores the relationships between several explanatory variables and one or more response variables \[[@CR8], [@CR9]\]. It can be well applied when a response or a set of responses of interest are influenced by several variables. The objective is to simultaneously optimize the levels of these variables in order to attain the best system performance \[[@CR8]\] and, consequently, the highest saving in production costs. As a limitation of this methodology, it is important to mention that it is a local analysis. The developed response surface is invalid for regions other than the studied ranges of factors. The novelty of this work is the application of RSM to further optimize a transesterification process that is already well established in the literature, namely FAEE production from waste oils, by increasing the ester content \[e.g. from 93 to 96.5 wt% (which is the minimum FAME content in EN 14214)\]. This is a challenging task that cannot be accomplished by the classical approach of varying a parameter at a time, making necessary the use of an experimental design statistical tool. The RSM method has been employed before in analytical chemistry \[[@CR8], [@CR10]\], but only Mueanmas et al. have applied it to study the esterification step of biodiesel production \[[@CR7]\]. Thus, the purpose of our work is to optimize the FAEE production using a RSM statistical tool, not to argue about the inherent advantages and drawbacks of biodiesel, which have been discussed in different reviews in the literature \[[@CR11]\]. Also, the polluting effects of diesel and biodiesel on the air quality in the cities has also been well reviewed. Biodiesel production is an environmentally acceptable end use for waste frying oil that otherwise will end in the home drain without remedy \[[@CR12]\]. Moreover, if the ethanol waste comes from fermentation, it makes the biodiesel a fully renewable biofuel, thus increasing its sustainability. Sustainable biofuels still have a wide niche in the actual fuels portfolio all over the world.

Materials and Methods {#Sec3}
=====================

Introduction {#Sec4}
------------

The waste oil for this work was a blend of 95 vol% of soy-bean and 5 vol% of corn oils, supplied by the restaurant "La poissonerie du port" in Oran (Algeria) and it was heavily used for frying fish. The temperature observed during the fish frying was in the range of 100 to 150 ºC. Five liters of oil sample were collected from a collecting drum in which the waste frying oil was dumped in once every day and kept at a room temperature for one day to enable settling. Two liters of this waste frying oil were heated up to 50 °C for 10 min to rule out the presence of water. Thereafter, the oil was filtered through a filter composed of cotton cloth, filter paper and around 1 cm of fine quartz sand to remove slag and impurities in a plastic container (see Figure 1S in Supplementary Material).

Sodium metal (Rhone-Poulenc, Paris, France), absolute ethanol, citric acid, *n*-heptane, medium boiling point petroleum ether and sodium chloride (Panreac, Barcelona, Spain) were used without further purification. The feedstock oil was tested for humidity by FT-IR spectroscopy in a Nicolet 6700 instrument (Fischer Scientific, USA) placing an oil drop between two sodium chloride discs (Aldrich, USA, 5.40 mm thick, 24.97 mm o.d.). The oil acidity index was determined after the standard method EN 14104.

Preparation of the Sodium Ethoxide Catalyst {#Sec5}
-------------------------------------------

Sodium metal (7.20 g, 0.313 mol) cut in small pieces and stored under medium boiling point petroleum ether was added slowly to absolute ethanol (75 mL, 58.5 g, 1.272 mol) in a 100 mL flat bottomed flask with stirring at 1500 rpm and room temperature, until total dissolution of the sodium. The flask was connected to a reflux condenser cooled by running water during the addition of the sodium. The resulting sodium ethoxide solution has a concentration of 21 wt% and it was always stored under nitrogen after use. However, although the initial sodium ethoxide solution was only slightly yellow, it darkened with time to a dark brown colour (the same colour of the commercial 21 wt% solution bought from Acros Organics stored in a Sure-seal bottle). In this work, only the sodium ethoxide solution prepared by the authors was used in all the experiments, and the commercial solution was only bought for comparison purposes.

Transesterification Procedure {#Sec6}
-----------------------------

Waste frying oil (50 mL) and absolute ethanol (20.64 mL, 16.1 g, 0.35 mol) were placed in a 100 mL flat bottomed flask connected to a reflux condenser cooled by running water, and the mixture was heated at 70 ºC with stirring at 600 rpm in a stirring plate Nahita Blue 692/1. When the reaction mixture reached the 70 ºC, the catalyst sodium ethoxide solution was added (3.27 mL of solution at 21 wt%, 0.687 g, 0.010 mol, 1.5 wt% of the oil). After 2 h of reaction, the stirring and heating were stopped, and the reaction mixture was transferred to a decanting funnel and left to decant overnight. The next day, the lower G-phase was decanted and discarded, and the upper FAEE phase was distilled under reduced pressure in a rotavapor Büchi 461 (Basel, Switzerland), decanting a new G-phase formed after eliminating the excess ethanol. The crude FAEE was neutralized with 12.5 mL (25 vol%) of a 1 wt/vol% solution of citric acid, and later washed with 12.5 mL (25 vol%) of a 3 wt/vol% solution of sodium chloride and three successive washings with distilled water. To separate the FAEE from the distilled water washings, a centrifugation step was necessary, using a centrifuge Digitor 20 of Orto-Alresa. Finally, the FAEE was dried with 8 wt% of 4 Å molecular sieve (Probus, Barcelona, Spain) previously activated at 200 ºC overnight, and the FAEE was vacuum filtered through a 45 μm filter (Millipore, USA). This experimental procedure was followed exactly in all the tests of the experimental design, of course with the changes of reaction parameters temperature, time, molar ratio ethanol to oil and catalyst amount settled in the design.

Chemical Analysis {#Sec7}
-----------------

The ester profile of the FAEE was obtained by gas chromatography and flame ionization detector (GC-FID) in an equipment Hewlett-Packard 5890 series II following the standard method EN 14,103. An HP-Wax column (30 m × 0.32 mm i.d. × 0.15 μm) of crosslinked polyethylene glycol was used for separation. The following analytical conditions were used for the analysis: injector temperature, 210 °C; split ratio, 70:1; injection volume, 1 μL; column flowrate (He), 1 mL/min constant flow mode; FID temperature, 240 °C; H~2~ flowrate 40 mL/min; synthetic air flowrate, 400 mL/min; oven program, 200 °C, hold 9 min, to 230 °C at 20 °C/min, hold 10 min; calibration standard, solution of methyl heptadecanoate (Aldrich, USA) in *n*-heptane (3 mg/mL); sample preparation, 250 mg of sample in 10 mL vial with 5 mL of methyl heptadecanoate solution. The sample was injected in the chromatograph three times. The ester profile (Table [1](#Tab1){ref-type="table"}) is the average of the three measurements and the relative standard deviation of the percentages shown in Table [1](#Tab1){ref-type="table"} is lower than 1.6%. With this composition the average molecular weight of the fuel, 307.16 g/mol and its average molecular formula, C~19.74~H~36.57~O~2~, have been estimated.Table 1Fatty acid profile^a^ and total ester content of waste frying oil FAEEFatty acidwt%RSD (%)C~16:0~12.11.6C~18:0~4.10.8C~18:1~25.90.8C~18:2~52.30.1C~18:3~5.20.3Other0.4--Fatty acid ester content (wt%)91.70.8*RSD* relative standard deviation (%)^a^Fatty acid profile has been normalized to 100 wt%

Fourier-transform infrared spectroscopy (FT-IR) was used to determine the FAEE content for each tests. Besides that, seven calibration samples were prepared by weight in a balance Kern 770 (accuracy ± 0.1 mg) with pure waste frying oil and the FAEE obtained as described in the experimental section, which had a total ester content of 91.7 wt% as analysed by GC-FID. The calibration samples were prepared by placing a small drop of the sample between two sodium chloride discs (Aldrich, USA, 5.40 mm thick, 24.97 mm o.d.) and registering the infrared spectrum between 4000 and 600 cm^−1^ at 4 cm^−1^ resolution (32 scans) in a FT-IR instrument Nicolet 6700. The absorbance of the bands at 1040 cm^−1^ and 1465 cm^−1^ was measured, integrating automatically the area under these peaks using the software Omnic v. 8.0 from Thermo Scientific. The composition of the seven standard samples, the absorbances at 1040 cm^−1^ and 1465 cm^−1^ and their ratio are shown in the Supplementary Material (Table 1S). Also, in the supplementary material, Figure 2S shows the calibration curve for the absorbance ratio versus the FAEE mass fraction, including the linear correlation and the regression coefficient, and Figure 3S in Supplementary Material shows the spectra used for calibration.

All the FAEE samples obtained from the experimental design were analysed by FT-IR spectroscopy in exactly the same way as the standard samples.

Experimental Design {#Sec8}
-------------------

Four independent variables at three different levels have been considered in the experimental design as indicated in Table [2](#Tab2){ref-type="table"}, molar ratio ethanol to oil, temperature, catalyst amount and reaction time. R software version 3.5.3 \[[@CR13]\] was used to analyse the effect of these variables on the only dependant variable, the total FAAE content of the biodiesel. Only 9 experiments of 27 were necessary to ascertain the results of this experimental design. Table 2S (in supplementary information) summarizes the amounts of waste frying oil, (50 mL in all tests), absolute ethanol and sodium ethoxide catalyst for the nine experiments. All the experiments were carried out exactly as indicated in the "[Transesterification Procedure](#Sec6){ref-type="sec"}" section, but with the amounts indicated in Table 2S.Table 2Experimental design with independent variable valuesLevelMolar ratio (ethanol/oil)Temperature (ºC)Catalyst (%)Time (h)− 16651107701.52187523Run orderStd. orderMolar ratio (ethanol/oil)Temperature (ºC)Catalyst (%)Time (h)188752126865233487513456652152865116367511797701.5287675239166513

Physical and Cold Flow Properties {#Sec9}
---------------------------------

Diesel without any oxygen content, known as first fill diesel, was supplied by Repsol (Spain) and mixed with FAEE at 5, 10, 15, 20, 30 and 40% in volume. Density was measured based on standard EN 3675, using a 10 mL glass pycnometer and a climate chamber Ineltec (used to set the temperature and humidity of the sample to 15 °C and 45%, respectively). Higher heating value was measured according to standard method EN 51,123 in a Parr 1351 calorimetric pump. Viscosity of the blends was measured based on standard EN 3104 using a Froton viscosimeter 150 series and a thermal bath Tamson Zoetermeer-Holland TV 2000 to keep the samples at 40 °C during the test. Wear scar diameter was measured to quantify the lubricity of the blends, based on standard EN 12156-1, using a High Frequency Reciprocating Rig (HFRR) from PCS Instruments and a microscope Optika SRZ-1 coupled to Motical 2500 digital camera. Cloud point, based on standard test method EN 3015 was measured in an automated cloud point analyzer CPP 5Gs from PAC instruments. Cold filter plugging point (CFPP) was measured in the FPP 5Gs analyzer from PAC instruments, according to standard EN 116. All the fuels specifications, standard methods and measurement devices are specified in Table 3S.

Results and Discussion {#Sec10}
======================

The yield of the biodiesel production (ratio of volume of FAEE produced to that of used oil) was around 92%*.* Table [3](#Tab3){ref-type="table"} summarizes the results of the experiments carried out in this work with FT-IR. In particular, the absorbance ratio at 1040 and 1465 cm^−1^ and the FAEE content are shown. The FT-IR analysis has proven itself a useful tool to analyse the conversion in the transesterification reaction of animal fat with methanol to yield FAME \[[@CR14]\]. In that work, the infrared bands chosen for measurement were 1436 and 1465 cm^−1^ and their ratio, corresponding to the deformation vibrations of CH~3~ and CH~2~ groups respectively, the first one increasing when the triacylglycerides are converted to FAME while the second one remaining practically constant. In the present study, the band at 1040 cm^−1^ corresponds to the stretching vibration of the C--O bond in the --OCH~2~--CH~3~ groups, whereas the band at 1465 cm^−1^ has the same meaning than in the previous work, that is, the deformation vibration frequency of the CH~2~ groups. Unfortunately, in the present study, the ethanol in the G-phase interferes in the absorbance of the band at 1040 cm^−1^ making necessary the full purification process for all the samples. In the case of FAME there was any interference of the G-phase on any of the selected bands at 1436 and 1465 cm^−1^ and thus the ester conversion could be measured without any purification of the samples \[[@CR14]\]. In any case, FT-IR analysis is cheaper and quicker than GC-FID for the determination of the ester content in transesterification experiments. However, two of the experiments (2 and 9, Table [3](#Tab3){ref-type="table"}) in the design gave results with close FAEE content than the highest calibration point of the FT-IR calibration plot in Figure 2S. Thus, we considered necessary to carry out GC-FID analysis at least in one of these two samples to check the accuracy of the FT-IR analysis. The result of this experiment 9 by GC-FID was 89.2 wt% FAEE content, whereas the FT-IR result was 90.9 wt%, the difference is 1.7% that we consider acceptable taking into account that the standard deviation of the GC-FID measurements is 1.6%, of the same magnitude order \[[@CR15]\].Table 3Results of the experimental design by FT-IR measurementsExperimentAbsorbance ratio 1040/1465FAEE content (wt%)10.57188.420.58891.130.58590.640.56387.250.56187.060.58490.470.57288.680.58390.390.58790.9

The R statistical software has been used to evaluate the influence of the four independent variables and their interactions on the FAEE content. After discarding some models, the most influential variables are the temperature and the reaction time, and their interaction. Table [4](#Tab4){ref-type="table"} shows the statistical parameters, which support the previous statement, and Eq. [1](#Equ1){ref-type=""} relates them:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\text{FAEE content}}\,({\text{wt}}\%)=61+0.37 \times T + 11.05 \times t - 0.14 \times t \times T,$$\end{document}$$where *t* is the reaction time (h) and *T* is the temperature (ºC). Figure [1](#Fig1){ref-type="fig"}a shows these results in a graphical 3D form, where the maximum FAAE yield is obtained at the longest time, 3 h, and the lowest temperature, 60 ºC. These results agree well with the theory, since the transesterification is an equilibrium reaction and the highest time favours the yield, whereas the lowest temperature implies that a bigger amount of ethanol is present in the liquid phase to react with the oil. At higher temperature, more ethanol is in the vapour phase and it is less available to react with the oil. Regarding the other two independent variables, molar ratio ethanol to oil and catalyst amount, they have been optimized in previous works and their increase would not report any additional yield benefit. Table 4Statistical adjustment parameters for Eq. [1](#Equ1){ref-type=""}Column 1EstimateSEt valuePr (\>\|t\|)(Intercept)618.362247.2950.000758Temp0.370.119163.1050.026702T11.053.739922.9550.031716temp: t− 0.140.05329− 2.6270.046699Fig. 1**a** RSM with the most influential independent parameters and the dependant variable (FAEE content in wt%). **b** Comparison between the FAEE content obtained during the tests and the FAEE content using Eq. [1](#Equ1){ref-type=""}

Under this assumption, two confirmatory experiments have been carried out in these optimized conditions, keeping the non-influential variables in the minimum value to save energy and money, that is, 3 h of reaction time, 60 ºC of temperature, 1 wt% of catalyst amount and 6:1 of molar ratio ethanol to oil. The results of these two confirmatory experiments have been analysed by FT-IR and GC-FID and are summarized in Table [5](#Tab5){ref-type="table"}. It is noticeable the mean yield obtained by GC-FID (the standard method of analysis), 96.5 wt%, the minimum required in the EN 14214 standard for FAME biodiesel (there is still no value required for FAEE). In any case, this ester content obtained is very high compared with the literature \[[@CR4], [@CR16]\] (99.5 wt% in one of the two confirmatory experiments), so the main conclusion of this is that the optimization by RSM has been successful.Table 5Confirmatory experiments resultsExperimentFT-IR resultsGC-FID results194.393.4293.599.5Mean93.996.5SD0.403.05

Figure [1](#Fig1){ref-type="fig"}b shows the concordance between experimental FAEE content and that obtained with the proposed model Eq. [1](#Equ1){ref-type=""}. Figures [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"} represent some of the most relevant physical properties of FAEE and diesel mixtures. The mixture with 30% FAEE would meet all the required properties according to EN 590 and could be included in the winter diesel class D classification with CFPP of − 10° C (for \"temperate\" climatic zones EN 590 standard defines six classes from A to F). The pure FAEE has a perfectly suited behaviour (with respect to its cold flow properties) for the usual climatic conditions in a Mediterranean climate such as the Algerian climate, which is consistent with its fatty acid profile.Fig. 2Density and higher heating value for FAEE and diesel mixturesFig. 3Kinematic viscosity for FAEE and diesel mixturesFig. 4Wear scar diameter for FAEE and diesel mixturesFig. 5Cloud and cold filter plugging points of the FAEE and diesel mixtures

Although FAEE does not have specific standards yet, waste frying oil FAEE should fulfill all the measured properties set by standard EN 14214, except the oxidative stability (2.38 h: induction time), which would require the use of antioxidant additives \[[@CR16]\]. This situation is common with biodiesel of waste frying oil, since the oil has been subjected to several cycles of heating--cooling, and this affects negatively the oxidative stability.

Conclusions {#Sec11}
===========

The waste oil from a fish frying restaurant in Oran (Algeria) has been transesterified with ethanol, and the reaction variables have been studied using an experimental design based on RSM. This statistical study has shown that the two most influential variables on the process are the reaction time and the temperature, and the interaction term of both. Using the optimized value of 3 h reaction time and 60 ºC of temperature, while maintaining the other two independent variables at the minimum values of 6:1 molar ratio ethanol to oil and 1 wt% sodium ethoxide catalyst to save resources, a mean value of 96.5 wt% FAEE content in the biodiesel has been reached. This is an excellent result, since FAEE production is more challenging than FAME production. The power of this statistical tool to obtain improvements in well-known process has been demonstrated. Finally, the FAEE content obtained has been analysed by FT-IR spectroscopy, showing good agreement with the standard method by GC-FID.

Once demonstrated the technical viability of the FAEE biodiesel production from this waste frying oil, the economic viability of using this waste in Algeria will be studied.
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